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Motivation:		Why	Stellarators	?	
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Stellarators	potentially	provide	a	path	to	a	reduced	cost,	compact	fusion	

system	

	

•  Eliminate	disruptions	

•  Eliminate	external	current-drive	and	need	to	improve	CD	efficiency	

•  Reduced	recirculating	power,	improved	system	efficiency		

•  Smaller	balance	of	plant	(due	to	low	recirculating	power)	

•  Static	or	slowly	varying	magnetic	field,	simplifying	superconducting	coils	



What	is	New?	
W7-X	has	validated	much	of	its	design	optimization	

•  Neoclassical	transport	can	be	designed	to	be	small,	sub-dominant	

•  Then:	turbulent	transport	dominates,	just	as	in	tokamaks	
•  Dominantly	ITG	(Ion	Temperature	Gradient)	&	TEM	(Trapped	Electron)	

					Successfully	modeled	by	same	theory	&	codes	used	for	tokamaks	

•  H	(ISS04)	=	1.4	with	pellet	fueling	&	peaked	density	profiles	
•  Divertor	design	validated.			Stable	detached	operation	achieved.	
	

LHD	has	achieved	high	plasma	parameters	in	D	operation	

•  Ti(0)	~	Te(0)	=	10	keV			(at	low	density)	
•  Beta	up	to	3.5%	at	low	collisionality	B=1	T.		Up	to	5%	at	B=0.4	T	
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US	Activities	Focused	on	Gap	Reduction	
Examples	Include	
•  Reduce	turbulent	transport,	increase	plasma	confinement	

•  Optimize	fast	ion	confinement	

•  Simplify	magnet	coils	for	3D	Stellarator	shaping	

-  Reduce	costs,	improve	maintenance	access	

Develop	new	stellarator	fusion	plant	designs	with	improved	optimization	
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Continuous	Pellet	Injector	for	W7X	
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•  Ready	for	2022	campaign.	

•  Continuous	pellet	fueling		(30	min@	10	Hz)		

600-1200	m/s.		
	
•  Collaboration	of	ORNL,	PPPL,	IPP,	NIFS	

•  Density	profile	control	via	pellet	fueling	for	
turbulent	transport	optimization	

•  Link	real-time	diagnostics	with	pellet	control	

L.Baylor	(ORNL)	



Strong reduction of turbulence

• Turbulent density fluctuation amplitude 
decreased by 2 times (PCI), perpendicular 
velocity doubled in the edge

• Before injection, peak of fluctuation for 
0%~0.3 mm-1, consistent with ITG 
turbulence [Nunami 2011, Tanaka 2020]

• Suppressed during B injection, together 
with higher 0% fluctuations

• Turbulence slightly enhanced around LCFS
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Reference B powder

referenceB powder

F. Nespoli – FES/PPPL videoconference November 30 2021

Boron	Powder	Injection	in	LHD	->	Strong	Reduction	of	Turbulence,		
																																														Increased	Confinement	
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F.	Nespoli	et	al,	accepted	Nature	Physics	

•  Thermal	diffusivities	reduced	by	up	to	50%	in	edge	

•  Te,	Ti	increased	~25%	

Towards real time boronization in steady state operation
• Glow discharge boronization is an essential tool for wall 

conditioning in tokamaks and stellarators
• Real time boronization by injecting boron powder into the plasma 

with the Impurity Powder Dropper:
• no toxic gas
• no interruption of operation
• more mass-efficient

• Already been tested in tokamaks (DIIID [Effenberg APS DPP 2021, 
Bortolon NF 2020], ASDEX-U [Lunsford NF 2019] , KSTAR [Gilson 
NME 2021] , EAST [Zhen NF 2021] )

• Improved plasma performances accessing lower collisionalities
through lower wall recycling and impurity content

• LHD  capable of 1 hour long discharges: assess the viability of real 
time boronization in steady state operation with IPD

3F. Nespoli – FES/PPPL videoconference November 30 2021
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HSX	HSX Upgrade: Higher B, P-ECH, density 
Magnetic	field	increasing	to	1.25T	

	

New	Gyrotron	

•  70	GHz,	500	kW	gyrotron	donated	by	IPP	Greifswald		

•  X2	mode	operation	at	1.25	T	

•  Cut-off	density:		3.0	x	1019/m3	

	à	operation	planned	with	2	x	1019/m3	

•  Good	absorption	expected	(>	90%)	
	

New	power	supply	installed	

•  Installation	of	a	60	kV	power	supply	

New	transmission	line	designed	

“HSX	Upgrade”	will	be	completed	early	in	2022.	

à	 	Studies	of	the	density	profile	and	its	impact	on	TEM			
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HSX	GENE predicts TEM Turbulent Transport can be Reduced in HSX 

•  Linear	GENE	simulations	for	100	configurations	show	

strong	correlation	between	plasma	elongation	and	TEM	

growth	rates	

Courtesy	M.	Gerard,	APS	2021	

Optimization	of	HSX	TEM	via	coil-currents	appears	to	be		

possible	and	will	be	tested	experimentally!	

•  Elongation	can	be	controlled	by	coil-currents	

•  Non-linear	heat	fluxes	from	GENE	simulations	decrease	

with	elongation	(about	3-times	lower	than	standard	QHS)	



Hidden	Symmetries	Project:	Improved	Stellarator	Optimization	

Objective:	To	create	and	exploit	an	effective	mathematical	and	computational	

framework	for	the	design	of	stellarators	with	hidden	symmetries.			

	
•  International	interdisciplinary	collaboration:	plasma	physics,	optimization	

theory,	dynamical	systems	and	PDE	theory.		

•  From	fundamental	results		to	computational	tools	to	experimental	designs.			

•  A	new	optimization	code	(SIMSOPT,	SIMonS	OPTimization	code)	that	can	

exploit	the	full	power	of	parallel	computers	

•  New	techniques,	such	as	adjoint	methods	and	automatic	differentiation		

•  Designs	of	next-generation	stellarator	experiments.	

	

Supported	by	the	Simons	Foundation	
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New	Optimization	Approaches:	Precise	Quasi-Symmetry	
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QA and QH configurations, they all exhibit excellent con-
finement. One measure of confinement is displayed in fig-
ure 6.a. Here, guiding center motion of test particles is
followed in time. The new configurations are compared
to the previous configurations of Fig. 1, and to the largest
stellarator experiment, W7-X [35]. (For the latter, a
� = 4% configuration without coil ripple is used, to give
the best possible confinement.) All configurations are
scaled to the same minor radius 1.7 m and field strength
B0,0(s = 0) = 5.7 T of the ARIES-CS reactor [16]. An
ensemble of 5000 alpha particles with 3.5 MeV, as would
be produced by deuterium-tritium fusion, is initialized
isotropically on the s = 0.25 surface, and followed using
the code of Refs. [36, 37]. Particles are followed for 0.2
s, typical for the collisional slowing down time in a mag-
netic fusion reactor, or until they cross the s = 1 surface
and are considered lost. In perfect QS, there would be
no losses, as long as banana orbits (the shape of trapped
trajectories projected to the poloidal plane) were su�-
ciently thin to stay within s < 1. Similar findings to
Fig. 6.a without the new configurations were shown in
Ref. [38]. Many of the previous configurations lose ⇠1/4
of the particles, corresponding to those that bounce. The
new QH, QA+well, and QH+well configurations perform
best, with no particles lost. Though the new QA configu-
ration without well has the best symmetry, a few particles
are still lost, which upon inspection are standard banana
orbits that extend all the way to s > 1. The new QH con-
figurations do not su↵er from these losses due to thinner
banana orbits, the width of which scales / 1/|◆�N |. The
low losses in Fig. 6 of Wistell-A, which included another
measure of energetic particle confinement besides QH in
its optimization [18, 39], show that moderate departures
from QH can still be compatible with low test particle
losses, perhaps due to the reduced orbit width in QH.
The new QA+well has lower losses than the QA since B
varies less on each surface, so banana orbits are thinner.

Due to the precise QS of the new configurations, they
also have superb confinement as measured by collisional
transport for a thermal plasma. The magnitude of this
transport in the 1/⌫ regime, where ⌫ is the collision fre-

quency, is known as ✏3/2
e↵

. For perfect QS, ✏3/2
e↵

would be

zero. As shown in Fig 6.b, ✏3/2
e↵

computed by the NEO
code [40] for the new configurations is smaller than for
the other configurations of Fig 1. These values are so
small that the collisional transport will almost certainly
be weaker than turbulent transport.

IV. DISCUSSION

It has been shown here that magnetic fields exist for
which QS is realized much more precisely than in previ-
ously published examples, throughout a torus of typical
stellarator aspect ratio. This is shown for QA and QH in
figures 3 and 5, where the B contours in Boozer coordi-
nates are far straighter on many surfaces than in Fig. 1,
and shown quantitatively in Fig. 4. Lower symmetry

FIG. 6. Measures of confinement. (a) Collisionless losses
of fusion-produced alpha particles initialized on the s = 0.25
surface, in various configurations scaled to the ARIES-CS mi-
nor radius and B. (b) Collisional transport magnitude ✏3/2e↵ .

breaking Bm,n and ✏3/2
e↵

were obtained at lower aspect
ratio in the QAs, but better confinement of energetic
particles was obtained in the QHs.
We cannot conclude that the new configurations here

have the lowest possible QS error of any QA or QH field.
It is possible that using global optimization or other
improvements in the numerical methods, configurations
with even lower QS errors could be found. Moreover,
QS-breaking errors can always be reduced further by in-
creasing the aspect ratio [13, 14, 22].
One natural question is how accurately the fields here

can be produced by practical magnets. Recent innova-
tions give hope that fields like the ones here could be
produced with minimal errors from discrete field sources
[41, 42].
More fundamentally, while the results here do not dis-

prove the conjecture that QS cannot be achieved exactly
throughout a volume, they do show that one can come
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possible magnetic islands at ◆ = 2/5. In the optimized
configuration, A = 6.0, and ◆ ranges from 0.423 on the
magnetic axis to 0.416 at the edge, avoiding low-order ra-
tionals. Contours of B on four surfaces are shown in Fig.
3. Compared to Fig. 1, the contours are far straighter.
The small deviations from symmetry are shown quanti-
tatively in Fig. 4, and compared to the previous config-
urations of Fig. 1. Each configuration is scaled so the
mean field B0,0 is 1 T, matching the value for the first
two QS stellarators to be built [8, 10]. Fourier ampli-
tudes Bm,n that break the symmetry (those with n 6= 0)
have amplitudes  50 µT. This value was confirmed by
an independent calculation from the SPEC solution, and
is comparable to the magnetic field of the Earth. This
is the first time intrinsic QS errors have been reduced to
the level of this extrinsic source of error field in a volume
with experimentally relevant aspect ratio.

FIG. 2. The magnetic field configurations with precise
(a) quasi-axisymmetry and (b) quasi-helical symmetry, each
viewed from two angles. Black curves are field lines.

FIG. 3. Field strength B [Tesla] on flux surfaces of the new
QA field. The contours are straight in the ✓-' plane (Boozer
coordinates), demonstrating quasisymmetry.

An example with QH symmetry is shown in Figs. 2
and 5. For this optimization, nfp = 4 and A⇤ = 8, with
A = 8.0 achieved. The rotational transform is nearly

FIG. 4. The maximum quasisymmetry-breaking mode am-
plitude of B at each flux surface, for configurations scaled to
1 T mean B.

FIG. 5. B [Tesla] on flux surfaces of the new QH field.

constant at ◆ = 1.24. Fig. 5 shows that far straighter B
contours are possible at this A than in the earlier config-
urations of Fig. 1. Errors in QS are somewhat larger
than for quasi-axisymmetry at the same aspect ratio.
Nonetheless, Fig. 4 shows that the Bm,n errors in the
new QH field are smaller at all radii than in any of the
previous configurations, by over an order of magnitude
at the boundary.
Similar optimizations that also include magnetic well

[33, 34], an MHD stability constraint, are discussed in the
Supplemental Material. These configurations are shown
in the figures as “New QA+well” and “New QH+well”.
In Fig. 4, QS imperfections increase with the magnetic
well constraint, but remain small compared to previous
configurations.
As a result of the high degree of symmetry in the new
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QA	

QH	

•  New	optimization	algorithms	&	code	(SIMSOPT)	is	able	to	achieve	extremely	

good	quasi-symmetry	(fixed	boundary)	

•  Better	neoclassical	optimization	than	all	existing	designs	and	experiments,	over	

whole	plasma	cross-section	

•  Also	achieves	ideal	fast	ion	confinement	–	no	loss	!	
•  Next	focus	is	turbulent	transport	optimization	

M.Landreman	&	E.Paul	arXiv:2108.03711v2	



Simplify	Coils:	Permanent	Magnets	for	Shaping	
PM4STELL	Project:	

•  Construct	½-period	of	a	3-period			
					QA	stellarator	as	engineering	test	

•  Reuse	NCSX	vessel	&	planar	TF	coils	
•  Expected	permanent	magnet		

					thickness	~25	cm	for	BT=0.5	T	

•  Improve	physics	properties	over		

					NCSX,	particularly	fast	ion		

					confinement	

	

					Start	construction	in	2022.	

					Funded	by	ARPA-E,	FES,		

																			Stellar	Energy	Foundation	
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Assembly	concept	

“Post-office	Box”	



•  Inexpensive Quasi-Axisymmetric (QA) highly 
optimized stellarator


•  |B| independent of toroidal angle in Boozer 
coordinates


•  Better neoclassical transport metrics than existing 
stellarator built with coils 


•  Permanent magnets + planar TF coils

•  Related approaches available at high B:

     diamagnets or HTS saddle/dipole coils
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MUSE:	Optimized	Stellarator	with	Simple	Coils	

R = 30.5 cm, B=0.15T, 

A=7.2,  Iota(edge) = 0.197	
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Fig. 5-11 MC Shape changed from unconstrained 
windings to straightened outer legs  

 
 

Fig. 5-12  Section view showing TF coil surrounding 
the Type-B modular coil 

One feasibility issue in developing the new 
stellarator design centered on establishing MC peak 
currents and winding current densities that allowed the 
winding geometry to be formed to meet bend radius 
requirements in the complex inboard regions of the MC. 
High current density, HTS windings have small cross-
sections making it easier to form acceptable bend radii. 
Given the longer time period to develop HTS conductors 
with reliable properties of required length at reasonable 
costs, an effort was made to investigate design options 
that incorporated existing SC materials. One solution 
found to reduce the MC current and winding cross-
section was to include TF coils in the MC optimization. 
The results found that the MC winding currents could be 
cut in half when TF coils were included and if there 
centers were of sufficient distance from the MC’s. 
Figure 5-12 shows a section view at the Type-B MC/TF 
pair that typifies the required spacing between the MC’s 
and TF coil. Another motivation for reducing the current 
in the MC’s was to transfer current to the simpler 
geometry of expected lower cost TF coils. Further design 
studies are needed to investigate the K-DEMO style 
graded winding, full graded layer winding designs along 
with evaluating increases in machine size to reduce the 
MC current and subsequent winding cross-section.  

The QAS blanket system is subdivided into 36 
blanket sectors, twelve per field period. Figure 5-11 
highlights all blanket sectors uncovered within a period 
in striped colors and the gray shaded blanket shown in 

Figure 5-13 removed in a radial direction between TF 
coils. The copper colored segments of Figures 5-11 
require movement in a toroidal direction (with possible 
small rotations) prior to a radial extraction through the 
nearest vertical port. With adjacent space still available, 
an updated design would expand the overall width of the 

vertical ports to provide additional space for support 
equipment to aid blanket extraction.  

An evaluation of the design details and system 
integration issues of a thin, slow flowing, capillary-
restrained layer of liquid tin divertor system located on 
the outboard plasma side in the area of the Type-C bullet 
sections is planned in a later study. 

 
6. Comparison of leading cost components of 

different confinement options 

Advancements have been made in the design of all 
confinement options to the point where comparisons can 
be made between the major cost items and where design 
directions can be identified that helps reduce capital 
costs.  

The results of the PPPL ST-FNSF study show that 
the compact nature of the ST device requires high 
current density to reduce the size of the TF coil inboard 
leg to allow space for a thin inboard blanket to meet 
tritium breeding requirements. The high current density 
values required are only offered by HTS conductors. The 
conventional tokamak has less need for HTS if the 
device is large enough to keep the divertor heat load at 

 
Fig. 5-13 Device core showing blanket sectors 

extracted with local vacuum vessel ports 
removed.  

New	Pilot	Plant	Designs	Starting	

•  FESAC	Long	Range	Plan	identified	importance	of	a	timely	

Stellarator	Pilot	Plant	design	activity.			

•  Consistent	with	NASEM	Report	recommendations.	

•  Conceptual	designs	being	developed	by	several	groups		

	in	preparation		for	National	Pilot	Plant	Team	activities	

	

--	PPPL:	Straight	outer	coil-leg	QA	designs	being	combined		

				with	permanent	magnets	and	other	magnetic	dipoles	

				for	good	maintenance	and	physics	properties	

	

--	U.	Wisconsin:	WISTELL-A	and	–B	optimized	QH	designs	

				(A.	Bader	et	al)	



STELLARATORS: BEST SUITED FOR POWER PLANTS 
•  Type One Energy is leveraging breakthrough technologies to accelerate fusion energy 

•  Modern manufacturing for high-precision fabrication of high-complexity components 

•  HTS magnets for higher fields 
•  Advanced configuration optimization to maximize performance 

•  We are targeting rapid demonstration of net energy gain  
•  Q>1 with conservative physics: no improvements needed to what has been achieved 
•  Physics optimization can access enormous upside: Q=∞ 
•  Parallel development of reactor technologies to enable a pilot plant in the 2030’s 

•  Retiring key HTS risks in partnership with MIT, CFS and UW-Madison under ARPA-E grant 

MIT HTS 
‘VIPER’ 
cable 

modified to 
permit 

bend radii < 
10 cm 

HTS non-planar cable with typical curvatures 
tested at 77 K with no loss of  critical current 

density 

Work 
underway to 

fabricate a two-
turn model coil 
with 3D printed 
metal support 

plates   



Summary:	Substantial	Progress	on	Path	
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•  W7-X:	validation	of	design	approach,	reducing	neoclassical	transport	to	sub-

dominant	

•  W7-X:	demonstration	of	stable	detached	divertor	operation	

•  LHD:	Ti(0),	Te(0)	~10	keV	in	D	operation	
•  Demonstration	of	methods	to	reduce	ITG	/	TEM	turbulence	

•  New	optimization	strategies	to	reduce	turbulence,	eliminate	fast	ion	losses	

•  New	methods	to	simplify	stellarator	coils,	using	permanent	magnets,	HTS,	and	

related	approaches	
	

It	is	time	for	a	detailed	Stellarator	Pilot	Plant	design	activity		(FESAC	LRP,	NASEM)	
	

Private	companies	are	forming	to	advance	the	Stellarator	approach.	


